The eŠects of high nitrogen (N 2 ) pressure and thermal treatment on the adhesion between a siliconˆlm and a polyethersulfone (PES) substrate during crystallization by excimer laser annealing (ELA) were investigated using silicon nitride (SiN x ) as the barrierˆlm for the fabrication of polycrystalline silicon (poly Si) thin-ˆlm transistors on a plastic substrate. As the thickness of the SiN xˆl m increased from 50 to 150 nm at a gas pressure of 0.2 MPa,ˆlm exfoliation was suppressed. A poly Siˆlm with a crystalline fraction of 76 was obtained at an energy density of 200 mJ/cm 2 and a high pressure in N 2 atmosphere. In addition, thermal treatment before ELA was useful for improving the adhesion between the inorganicˆlm and the PES substrate.
Introduction
The ‰exible organic light-emitting diode (OLED) display is one of the most commonly used displays for nextgeneration devices because of its light weight and ‰exibil-ity. Polycrystalline silicon (poly Si)ˆlms prepared at temperatures below 200°C are a necessary material for thin-ˆlm transistors (TFTs) in ‰exible displays. According to reports on poly Si TFTs on a plastic substrate, 1 3) poly Siˆlms are prepared by crystallizing amorphous silicon (a Si) using excimer laser annealing. 4 7) Inorganic barrierˆlms such as silicon oxide (SiO 2 ) and silicon nitride (SiN x ) are deposited on plasticˆlms to suppress thermal damage and impurity diŠusion. However, a poly  Siˆlm or an inorganic barrierˆlm is often exfoliated from a plastic substrate as a result of thermal damage. Therefore, the improvement of the adhesion between the inorganicˆlm and the plastic substrate is important for realizing ‰exible displays.
In general, ELA is carried out in vacuum to minimize contamination. In this study, a Siˆlm was irradiated with a laser at a high pressure (0.2 MPa) in pure N 2 gas. In addition, the eŠects of thermal treatment before ELA on adhesion were investigated.
Experimental
a Si and SiN xˆl ms were deposited on a polyethersulfone (PES) substrate (Sumitomo Bakelite Co., Ltd., SUMILITEFS 1300, 0.2 mm thickness) by catalytic chemical vapor deposition (Cat CVD). 8) The deposition conditions are shown in Table 1 . The SiN x /PES substrate was exposed to air before a Si deposition because the a Si and SiN xˆl ms were prepared using batch and roll-to-roll-type Cat CVD apparatuses, respectively.
The diameter and length of the tungsten wire used were 0.5 and 2700 mm for a Si deposition and 0.5 and 3200 mm for SiN x deposition. The thickness of the a Siˆlm was 50 nm. The thickness of the SiN xˆl m was 50 or 150 nm. The composition ratio of Si to N was estimated to be 1.3 (almost stoichiometric Si 3 N 4ˆl m) from X-ray photoelectron spectroscopy (XPS) proˆles.
To investigate the eŠect of the interface property on lm exfoliation upon ELA, a Si/SiN x /PES substrate was heated in the range of 100 to 250°C for 600 s in air before ELA.
The poly Siˆlms were prepared by irradiation with a KrF excimer laser with an energy density range of 10～ 200 mJ/cm 2 at 1 Hz and room temperature. The wavelength and laser pulse duration were 248 nm and 23 ns, respectively. The number of shots was 1. The ELA was carried out in vacuum (＜10 -3 Pa) at a high pressure (standard pressure: 0.2 MPa) in pure N 2 gas. The area of laser irradiation was 5×10 mm 2 .
Film exfoliation was evaluated from the ratio of the area of the remaining Siˆlm to the laser-irradiated area in the optical image. The exfoliation region, crystallized region and unchanged region were distinguished by their color change and Raman spectra. To identify the exfoliation layer, XPS was carried out for one of the samples. XPS proˆles were obtained using an Al Ka X-ray beam of 400 mm diameter and a neutralization gun. The properties of the poly Siˆlms were measured by Raman spectroscopy. Raman scattering measurement using an excitation light of 514.5 nm wavelength from an argon ion laser was carried out at room temperature. The fraction of the crystalline phase relative to the amorphous phase was evaluated from the transverse optical phonon signal of the Raman spectra. The crystalline fraction was estimated from the area ratio of the sum of the signals due to the crystalline (c Si) phase at approximately 521 cm -1 and the microcrystalline (mc Si) phase at approximately 510 cm -1 to the sum of the signals due to all the phases (including the a Si phase at approximately 480 cm -1 ). Baseline correction was carried out using the linear line between the intensities at 400 and 600 cm -1 . It was assumed that the sensitivities of all the phases were the same.
Results and discussion
The optical images of some Si/SiN x (150 nm)/PES substrates after irradiation are shown in Fig. 1 . In the case of irradiation in vacuum ( Fig. 1(a) ),ˆlm exfoliation occurred in all the laser-irradiated regions, and the remaining-area ratio was 0. From the XPS result of this sample, the Si/SiN xˆl m was exfoliated at the interface between the SiN xˆl ms and the PES substrate because no signal due to the Si atom was obtained in the laser-irradiated region. On the other hand, the Si/SiN x lms were negligibly exfoliated for irradiation in N 2 gas in spite of the same energy density (50 mJ/cm 2 ), as shown in Fig. 1(b) . In this case, the remaining-area ratio was 96. It is considered that the diŠerence between the exfoliated and unexfoliated areas is related to the laser energy distribution. As the laser energy density increased, the central part of this sample became crystallized and the edge part was exfoliated by stress concentration (Figs. 1(c) and (d) ).
The dependences of the pressure andˆlm thickness of SiN x on the remaining-area ratio of the samples prepared at various energy densities are shown in Fig. 2 . All the samples prepared at 10 and 20 mJ/cm 2 showed no change with ELA. For the samples prepared in vacuum, the Siˆlm was exfoliated by ELA above 30 mJ/cm 2 . a Siˆlms on a glass substrate crystallize above 70 mJ/ cm 2 . 9) Here, the threshold energy ofˆlm exfoliation was lower than that of crystallization. This may explain why it is di‹cult to fabricate a poly Siˆlm on a PES substrate in vacuum. On the other hand,ˆlm exfoliation was suppressed at 0.2 MPa in N 2 atmosphere. For the SiN x thickness of 150 nm, the remaining-area ratio markedly increased compared with that in the case of the sample prepared in vacuum. This implies thatˆlm exfoliation was suppressed by pressure, the increase in thermal conductivity from theˆlm surface to the gas phase, and the decrease in melting point.
The Raman spectrum of the Siˆlm prepared at 200 mJ /cm 2 in N 2 atmosphere (position 1 in Fig. 1(d) ) is shown in Fig. 3 . The Raman peak shift and full width at half maximum (FWHM) of the peak of the crystalline phase were 502 and 20 cm -1 , respectively. The crystalline fraction was 76. mc Si was obtained on a PES substrate. In addition, a color is diŠerent according to the place in the laser-irradiated region was observed, as shown in Fig. 1(d) . The signal due to the crystalline phase was obtained at position 2. However, no peak due to the crystal phase was observed in the entire laser-irradiated area (position 3 in Fig. 1(d) ). This implies that the energy distribution of a laser is important in the fabrication of poly Siˆlms on a plastic substrate, becauseˆlm exfoliation is strongly aŠected by the diŠer-ence in laser energy density locally.
In addition, the eŠect of the interface generated by thermal treatment onˆlm exfoliation is shown in Fig. 4 . The laser energy density and number of shots wereˆxed at 100 mJ/cm 2 and 1, respectively. As the treatment temperature increased from 100 to 250°C, the remainingarea ratio increased from 40 to 80. The bending of the substrate and the cracking of the a Siˆlm were observed in the sample heated at 250°C before ELA. It is shown that the sample changed with thermal treatment above the glass transmittance temperature (T  ) of PES (223°C ). Film exfoliation was suppressed in spite of low-temperature treatment below T  , at which no bending of the 67 695 -( )-Vol. 53, No. 11, 2010 substrate occurs. It was observed that the heating treatment of the a Si/SiN x /PES substrate below T  can improve the adhesion between the SiN xˆl m and the PES substrate. As the energy density increased from 100 to 200 mJ/cm 2 , the remaining-area ratio increased from 55 to 80, as shown in Fig. 2 , in spite of the increase in the interface temperature. It was considered that the SiN x lm and PES substrate were not bonded chemically. Therefore, the adhesion property depends on surface roughness (contact surface area). This implies thatˆlm exfoliation can be suppressed by the mixing due to thermal treatment at the interface between the SiN xˆl m and the PES substrate during laser irradiation. Therefore, the remaining-area ratio can be improved by controlling the laser energy density above 200 mJ/cm 2 .
We consider that the adhesion property depends on atomic composition because the SiN xˆl m was changed to SiO x N y and SiO x upon laser irradiation and thermal treatment. However, a stoichiometric SiN xˆl m prepared by Cat CVD has a high atomic density and is stable against O 2 . 10) In addition, the laser irradiation time was very short and the melting time of a Siˆlm was 100 ns. 11) Moreover, it is considered that the eŠect of the change in atomic composition onˆlm exfoliation is negligible. However, a compound layer (SiC x , SiO x N y and SiS x ) may be formed by high-energy-laser irradiation and thermal treatment at the interface between the SiN xˆl m and the PES substrate, which may be one reason for the improvement in the adhesion property.
Conclusion
The eŠects of high N 2 pressure and thermal treatment on the adhesion between a Siˆlm and a PES substrate during ELA were investigated using SiN x as the barrier lm. As the thickness of the SiN xˆl m increased from 50 to 150 nm,ˆlm exfoliation was suppressed markedly. As the gas pressure during ELA increased to 0.2 MPa,ˆlm exfoliation was also suppressed. In addition, thermal treatment before ELA was useful for improving the adhesion between the SiN xˆl m and the PES substrate.
